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Abstract 
The shape of a poultry building and the distribution of its elements (roof, windows distribution, and 
window opening) influence the velocity and temperature distribution inside the building and therefore the 
thermal comfort of the broilers. Considering these components, Computational Fluid Dynamics (CFD) 
was used to analyze the environmental conditions of 3 poultry buildings: tunnel (T), semi-tunnel (ST) 
and improved semi-tunnel (IST). These three buildings had the same dimensions but differed in the 
relative position of fans and windows. This study modelled the effect of different configurations of roof 
(flat or gable roof) and window design (with or without flap plate) on the distribution of temperature, air 
velocity and Index of Temperature and Velocity (ITV) at animal level (0.20 m above the ground). 
Simulations were conducted for summer and winter conditions. In summer conditions, configuration IST 
with gable roof without flap plate had lowest air velocity 0.72±0.27 m/s and average temperature 
(22.9±0.9ºC) whereas tunnel configuration with gable roof and flap plate had lowest ITV (22.94±1.30ºC 
on average). In winter conditions, IST configuration with flat roof had lowest average air velocity (0.24 
m/s), whereas the highest temperature corresponded to semi-tunnel with gable roof without flap plate of 
the slot opening (19.35±2.67ºC). Finally, the lowest ITV corresponded to tunnel without flap plate and 
gable roof configuration (19.14±3.57ºC). According to the CFD simulations, in three configurations the 
variables analyzed were within the comfort ranges reported for animals inside buildings. 
Copyright © 2016 International Energy and Environment Foundation - All rights reserved. 
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1. Introduction 
The growing demand for animal protein has increased in accordance with population growth. For this 
reason, genetic selection produces permanent changes in the production parameters of broilers, including 
feed efficiency and growth, but also the tolerance for changing environmental conditions. In this sense, 
in order to take advantage of the productive potential of broilers, we must control the environment 
throughout the year, and provide adequate environmental parameters of temperature 21-23ºC [1], air 
velocity 1.5-2.0 m/s [2, 3] and humidity 60-65% [4] at the end of the growing period. To manage these 
factors, the livestock farm should be appropriately designed and operated for different stages of 
development and seasons. 
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The  farm engineering design affects its performance in terms of production and profitability, by 
providing an optimum environmental control to enhance productivity. To achieve such optimization, the 
use of technology is necessary to adapt to summer conditions. This technology includes the use of 
different ventilation systems as well as other engineering strategies such as internal water misting [5], 
different sizes and positions of air inlets; and lowering the roof all along the poultry building to increase 
air velocity [6, 7]. In winter conditions, however, the need is to maintain an appropriate temperature and 
at the same time to exhaust the noxious gases. To obtain a higher uniformity of environmental conditions 
at the broiler zone, design proposals include installing multiple openings [8], using both sidewall and 
ceiling air inlets [9]; or using chimney inlets with diffuser and a side-up outlet at the eave [10]. 
To predict the thermal response of animals to different installation designs and operations, simulations of 
realistic conditions must be done by means of the use of computational fluid dynamics (CFD) based on 
numerical solutions. By doing so, air properties, airflow conditions, heat and mass sources can be 
simultaneously represented. The final objective is to predict the temperature distribution in the broilers 
production environment, as well as the gas concentration and other physical properties of particular 
livestock buildings [5, 9, 11, 12]. 
CFD simulations can be used by designers as a virtual laboratory to take decisions. Therefore, the 
hypothesis of this study is based on the variation of certain design elements of the farm: number and 
location of fans operating [11]; inlet and outlet surface of the openings [9]; wind velocity and direction 
considerations, the temperature differences between the indoor and outdoor environment [10]; shape of 
the roof of the building; relative position and size the slots opening height, flap plate angle at the air inlet 
windows [7, 8, 12, 13]. The influence of equipment installation and the presence of birds [14, 15] could 
be considered as well. 
Therefore, the main objective of this study is to simulate by means of CFD analysis, different 
configurations of poultry houses in summer and winter conditions by analyzing three different geometry 
proposals. Parameters under analysis will be changed: (roof slope, window distribution and slot 
openings) to evaluate changes in temperature and ventilation patterns inside the farm and demonstrating 
the capability of the simulation software to be used as a tool for comparison between different designs. 
 
2. Materials and methods 
2.1 Farm description: Geometry and configuration of windows 
The geometry of three broiler buildings has been considered: Classical tunnel type (T), semi-tunnel (ST) 
and improved semi-tunnel (IST), all them measuring 15m wide, 120m long, 3m high walls and differing 
in roof shape (flat roof or gable roof of 5m ridge height, Figure 1) as description in Table 1. 
Different fans were considered to be in operation for summer and winter conditions. The air was 
exhausted from the building during the summer period by means of eight fans of 1.40m diameter (airflow 
38,072, m3/h) and two fans of 1.10m diameter (13,406 m3/h). These exhaust fans created a negative 
pressure forcing air to enter through inlet windows of 0.9m x 0.4m. At the same time, different 
distributions of windows with or without flap plates were considered. In the winter period a different 
distributions of fans was considered, using only two fans of 1.10m diameter (13,406 m3/h), with different 
distributions of windows adopting fixed flap plate angles of the slots. 
 
2.1.1 Description broiler building in summer 
An outside temperature of 21.5ºC was considered for summer conditions and then, the three 
configurations (T, ST and IST) were compared. For each design, changes were simulated in the 
distribution of windows and fans, roof shape (flat and gable) and slot opening with or without flap plate, 
as described in Table 2. In the three configurations we used flat roof (f), but only slot opening without 
flap plate was considered (S/O Tfs, S/O STfs and S/O ISTfs), as well as and flaps in the window openings 
(F/P) with a 0º angle (F/P Tfs, F/P STfs and F/P ISTfs). The same configurations were used for gable roof 
(g), without flaps (S/O Tgs, S/O STgs, S/O ISTgs) and with flaps (F/P Tgs, F/P STgs, F/P ISTgs). 
 
2.1.2 Description broiler building in winter 
During the winter period (outdoor temperature 5ºC) we considered a lower ventilation rate using two 
exhaust fans. We considered the three configurations mentioned before (T, ST and IST) with flat roof (f), 
both considering slot open windows (S/OTfw, S/OSTfw, S/O ISTfw), and considering flap plates (82º 
angle) (F/P Tfw, F/P STfw, F/P ISTfw). For gable roof, similar configurations were tested (S/OTgw, 
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S/OSTgw, S/OISTgw). As shown Table 2, geometries were simulated for any configuration either in 
summer and winter conditions. 
To model incidence flap plate angle we used the ISTgw configuration and windows opened gradually at 
six different flap plates angles in the slots openings (0º, 55.2º, 73.9º, 82º, 85.4º, 89.12º) (Figure 2). 
 
 
 
Figure 1. Tunnel (T), semi-tunnel (ST) and improved semi-tunnel (IST) configurations. 
 
Table 1. Distribution of fans and windows in the three configurations. 
 
Tunnel (T) 
- Fourteen groups of slot openings on lateral sides in groups of four windows 
- Separation of 0.60m between groups 
- 50m wall free of windows- 
- 10 exhaust fans distributed vertically in the front axis. 
Semi-tunnel (ST) 
- Seven groups of slot openings on lateral sides in groups of four windows 
- Separation of 0.60m between windows 
- Separation of 10m between group windows the same characteristics 
- 5 Fans in the central axis defining a symmetry plane 
Improved Semi-
tunnel (IST) 
- Long side had three groups of windows together. 
- Groups were of 3, 2 or 1 window according to distance to fans. 
- 5 exhaust fans uniformly distributed at the center of the building defining a 
symmetry plane 
 
Table 2. Description of elements in the different analyzed geometries. 
 
Elements Design Description 
Flat (f) Flat roof rectangle geometry at 3.0m height the ground.  Roof Gable (g) The height of the side walls were 3.0m and roof top 5.0m 
Slot opening 
(S/O) 
Rectangle windows of 0.4 x 0.9m, had height of the side 
walls 1.40m.  Windows Opening With flap plate 
(F/P) 
Flap plate in the rectangle slot opening of section, the flap 
had curvy of 40cm with 0º angle. 
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Figure 2. Different angles of slot opening with plate. 
 
2.2 Computational fluid dynamic techniques 
CFD simulations were used to analyze indoor environmental conditions according to the configurations 
of the ventilation system. These were computed for the T and ST configurations and then compared to 
the standard design (tunnel), both in winter and summer conditions. A half-section of the building was 
used as the three-dimensional computational domain with a symmetric wall. 
Three-dimensional CFD grids were generated by StarCCM+ by CD-Adapco software (version 
9.004.009). The CFD numerically solves the Reynolds-averaged form of the Navier–Stokes equations 
[16] within each cell in the domain, was used for the design of geometry, mesh structures tetrahedral of 
0.4m, the mesh was refined in the flaps of the slot opening from 0.01-0.2m. The partial differential 
equations of the mass, momentum, and energy conservative equations were used to determine the fluid 
and energy transfers [17]. Eqs. (1)-(3) listed below are the mass, momentum and energy conservation 
equations solved in CFD simulations [16]. The measured data from theoretical information from the 
literature, were used for the initial and boundary conditions of the CFD model. The post- processor, was 
used for visualization of the air flow. 
 
mSvt
=∇+∂
∂ ?ρρ  (1) 
 
Fgpvv
t
v ????? ++∇+−∇=∇+∂
∂ ρτρρ )()(  (2) 
 
( ) ⎥⎦⎤⎢⎣⎡ ∇−∇+∇= Ivvv T ??? 32µτ  (3) 
 
where: ρ is the fluid density, kgm-3; v? is velocity; m.s-1 and Sm is mass source, kgm-3; t is time, s; τ the 
stress tensor, Pa; g gravitational; F is external force vector and I is the unit tensor, N m-3 and T is air 
temperature for the livestock building, ºC. 
In the present study, the Realizable k-ε model was decided to be used as it satisfies certain mathematical 
constrains on the Reynolds stresses, and it is consistent with the physics of turbulent flows [18]. The 
input data for the CFD models are presented in Table 3, the sensible heat production of the broiler was 
determined using Eq (4) [19]. The effects of buoyancy in the model were activated. 
  
Φs=0.61Φtotal-0.228*t2 (4) 
 
where Φ s is sensible heat production; Φtotal is total heat dissipation animal in animal houses, t is internal 
temperature. 
The external air temperature (21.5ºC in summer and 5ºC in winter), air velocities at the exhaust fans and 
solid surfaces were used as the initial boundary conditions, as shown in Table 3. For each of the three 
geometries changes in the geometry were applied regarding the distribution of windows, fans, roof 
shapes and flaps angles of slot opening. The heat production was introduced in the model as a uniform 
flux of sensible heat from the concrete floor. Furthermore, the temperature and air velocity calculated at 
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broiler level were obtained for each CFD model and then statistically analyzed to determine the optimum 
options regarding temperature, air velocity, and comfort area using the index of temperature and velocity 
(ITV). As depicted in [20] ITV can be expressed as: 
 
058.0−×= VtITV db  (5) 
 
where: t db is the dry bulb temperature ºC and V is air velocity m.s-1. 
Comfortable limits were considered for ITV values within the range 18-25ºC, and outside this interval 
the animals would be in discomfort therefore ITV higher than 30.1ºC can accelerate heat stress for 24 
hours and for ITV higher than 32.6ºC and 35.5ºC broilers have a critical thermal environment for 6 hours 
and 1 hour, respectively. 
 
Table 3. Input data used for the CFD simulations. 
 
Surface Type Properties 
Windows Outlet 
pressure 
Summer: Outdoor temperature 21.5ºC 
Winter: Outdoor temperature 5 ºC 
Fan center or 1.10m Velocity and direction (-3.92 m/s) 
Internal temperature 22ºC 
Fan side or 1.40m 
Velocity 
inlet Velocity and direction (- 6.87 m/s) 
Internal temperature 22ºC 
Ceiling polystyrene sandwich panel 
(1e = 5cm, 2λ = 0.033 W/m ºK) 
3U = 0.58 W /m2 ºK 
Concrete walls consists: 
Precast concrete (e = 20cm; 
λ = 0.45 W /m ºK), plaster cement 
(e = 4cm; λ= 0.4 W/m ºK), insulating 
polyurethane (e = 2cm; λ = 0.04 W/m ºK) 
U = 0.81 W /m2 ºK 
Concrete floor (e = 2cm; λ = 2.5 W/m ºK), 
insulating polystyrene (e=1.5 cm;  
λ= 0.046 W/m ºK) 
Wall 
Heat flux sensible 101.94 W/m2 
Side wall symmetrical Symmetry 
plane 
 
 
Where 1e is thickness; 2λ is thermal conductivity W/m ºK; 3U is thermal transmittance W/m2 ºK (adapted 
from Guerra [20]). 
 
There, we combine Table 1 and Table 2, obtained 4 simulations for each poultry building (T, ST and 
IST) there were 12 in summer (21.5ºC) and 12 in winter (5ºC) (Table 4), a total number of 24 simulations 
were run. 
 
Table 4. Simulations of tunnel (T), semi-tunnel (ST) and improved semi-tunnel (IST) configurations with 
different elements geometric. 
 
Windows opening Configuration Roof type 
Slot opening (S/O) with flap plate (F/P) 
Flat (f) S/O Tfs,w F/P Tfs,w Tunnel (T) 
Gable (g) S/O Tgs,w F/P Tgs,w 
Flat (f) S/O STfs,w F/P STfs,w Semi-tunnel (ST) 
Gable (g) S/O STgs,w F/P STgs,w 
Flat (f) S/O ISTfs,w F/P ISTfs,w Improved Semi-tunnel (IST) 
Gable (g) S/O ISTgs,w F/P ISTgs,w 
 
Where subindex h represent summer simulations and w represents winter simulations. 
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3. Results and discussion 
3.1 Effect of roof shape 
All parameters were estimated at a height of 0.2m (animal level). The roof shapes have an accelerating 
effect on air velocity as a consequence of the reduced section. However, this accelerating effect differs 
from one roof shape to another. When comparing flat and gable roof positions to each other, it can be 
noticed that the highest maximum increase in stream wise velocity occurred on flat roof in summer. 
However, in winter the highest air velocity occurred with gable roof with flaps plate in the slot opening 
(82º angle). According to Sosa [21] roof shape is important for natural ventilation and using gable roof 
takes advantage of better dynamics effect on wind ventilating interior environment. However, Norton 
[12] observed that during wind dominated ventilation the most over-ventilated regions in all buildings 
are situated closest to the gable walls. This is due to the incoming flow forming a boundary-layer flow at 
the gable wall as a result of the Coanda effect [22, 23]. The formation of a Coanda jet depends on 
aerodynamic and geometric parameters related to the inlet jet, the Reynolds number, and the distance of 
the inlet opening from the lateral wall [24, 25]. As a direct result of this phenomenon, the indoor 
airspeeds are increased closest to the gable wall [12]. Some studies focused on buildings with a gable 
roof and asymmetric opening positions can be consulted in the references; Peren [26] found that for 
wind-driven cross-ventilation, the airflow rate increases when increasing the roof inclination angle with 
more of 18º compared with flat roof. Also, Kindangen [27], observed that roof height has a strong 
influence on the indoor airflow in buildings with wind-driven natural ventilation. Under mechanical 
ventilation, however, the effect of the roof configuration has not been studied in depth and the main 
effects reported are based on reducing the section to increase air velocity, which is particularly 
interesting for summer conditions. 
The results in summer (Table 5) indicate that tunnel configuration had on average higher air velocity at 
animal level using flat roof (S/O Tfh) (1.54±0.74 m/s) than using gable roof (1.10±0.49 m/s). These 
values were similar to Bustamante [11], who found at broiler level (0.25m heigth) higher average air 
velocity both using CFD (1.59±0.68 m/s) and by means of direct measurements (1.55±0.66 m/s). This 
system showed a uniform air exchange through the whole extent of the barn at high velocities in the 
same direction using negative pressure forced ventilation, but lower velocity in the semi-tunnel (ST) and 
improved semi-tunnel (IST) configurations. 
 
Table 5. Average ± standard deviation velocity (m/s), comfort area (%) at 0.20m of floor in summer of 
Tunnel (T), Semi tunnel (ST) and Improved Semi-tunnel (IST) configuration 
 
Proportion of area attending to velocity [%] Configuration Roof 
type 
Flap 
plate <0.5 
[m/s] 
0.5-1.0 
[m/s] 
1.0-1.5 
[m/s] 
1.5-2.0 
[m/s] 
>2 
[m/s] 
0.5-2.0 
[m/s] 
Average 
[m/s] 
No 13.27 15.94 12.85 21.15 36.78 49.95 1.54±0.74 Flat 
Yes 9.10 27.86 17.45 17.77 27.82 63.08 1.37±0.66 
No 13.24 31.02 24.95 30.23 0.57 86.19 1.10±0.49 
Tunnel (T) 
Gable
Yes 11.84 26.87 28.00 32.75 0.53 87.62 1.15±0.48 
No 18.30 47.47 33.83 0.40 0.00 80.05 0.83±0.32 Flat 
Yes 16.66 60.26 22.00 0.82 0.25 83.09 0.78±0.29 
No 27.40 60.64 11.14 0.73 0.10 72.50 0.77±0.30 
Semi-tunnel 
(ST) 
Gable
Yes 19.23 51.22 28.62 0.81 0.12 80.65 0.82±0.32 
No 11.55 47.71 39.58 1.16 0.00 88.45 0.89±0.31 Flat 
Yes 16.56 64.59 18.13 0.58 0.14 83.30 0.77±0.26 
No 23.03 63.49 12.55 0.81 0.13 76.84 0.72±0.27 
Improved 
Semi-tunnel 
(IST) Gable
Yes 17.95 54.53 26.55 0.79 0.19 81.86 0.79±0.31 
 
The S/O Th configuration had a comfort area attending to air velocity (values ranging from 0.5-2.0 m/s) 
which was 49.9% with flat roof and raised until 86.2% when gable roof was considered. The area with 
air velocity over 2.0 m/s was highest (36.78%) when considering flat roof S/O. However, in general 
terms ST and IST configuration decreased the proportion of area at comfort velocity ranges (0.5-2.0m/s) 
when gable roof was installed, independently of the presence or absence of flaps. These two 
configurations had the highest proportion of area with air velocity within the range 0.5-1.0 m/s but the 
lowest with velocities higher than 1.5 m/s. 
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The T, ST, IST configurations with gable roof had the highest proportion of area in a comfort zone 
regarding to temperature (range from 18-25ºC). However, when using with flat roof S/O we increased 
the proportion of area in the range 23-24ºC. In contrast, using flat roof F/P and gable roof with or without 
flap plate increased the proportion of temperatures within the range 22-23ºC. Tunnel configuration using 
flat roof F/P had higher area (12.0%) of temperature higher 25ºC in comparison with ST and IST, 
whereas IST gable roof and flaps provided lower average temperature at animal level (22.90±0.92ºC) 
than when considering a flat roof (Table 6). 
The tunnel using gable roof type had the highest comfort area at broiler height regarding the index of 
temperature and velocity (ITV ranging from 22 to 25ºC) and this area was lowest with flat roof. Also, flat 
roof with flap plate increased area of ITV lower than 22ºC (35.22%). Tunnel gable roof F/P had on 
average the lowest ITV (22.94±1.30ºC), but in contrast the IST configuration had higher comfort area 
considering ITV when compared with T and ST configurations (Table 7). 
 
Table 6. Average ± standard deviation temperature (ºC), comfort area (%) at 0.20m of floor in summer of 
Tunnel (T), Semi tunnel (ST) and Improved Semi-tunnel (IST) configuration. 
 
Proportion of area attending to temperature [%] Configuration Roof 
type 
Flap 
plate <22 
[ºC] 
22-23 
[ºC] 
23-24 
[ºC] 
24-25 
[ºC] 
>25 
[ºC] 
18-25 
[ºC] 
Average 
[ºC] 
No 0.00 30.98 52.31 8.08 8.63 91.37 23.55±1.01 Flat 
Yes 5.46 61.80 12.92 7.85 11.97 88.03 23.18±1.31 
No 0.89 66.91 20.20 6.15 5.85 94.15 22.96±0.90 
Tunnel (T) 
Gable 
Yes 3.68 63.91 18.87 5.88 7.66 92.82 22.96±1.0 
No 0.00 33.19 50.88 9.03 6.91 93.03 23.45±0.82 Flat 
Yes 5.48 49.43 22.79 11.42 10.89 89.11 23.24±1.22 
No 0.71 57.00 26.61 9.38 6.30 93.70 23.09±0.95 
Semi-tunnel 
(ST) 
Gable 
Yes 1.97 60.92 23.33 7.21 6.57 93.43 23.14±1.0 
No 0.00 33.56 53.79 7.17 5.48 94.52 23.37±0.79 Flat 
Yes 3.38 54.08 24.58 10.99 6.97 93.03 23.15±1.09 
No 3.98 61.03 22.47 8.11 4.41 95.59 22.93±0.9 
Improved 
Semi-tunnel 
(IST) Gable 
Yes 6.16 60.11 22.18 6.83 4.71 95.29 22.90±0.92 
 
Table 7. Average ± standard deviation ITV (ºC), comfort area (%) at 0.20m of floor in summer of Tunnel 
(T), Semi tunnel (ST) and Improved Semi-tunnel (IST) configuration  
 
Proportion of area attending to ITV [%] Configuration Roof 
type 
Flap 
plate <22 
[ºC] 
22-25 
[ºC] 
25-30 
[ºC] 
>30 
[ºC] 
18-25 
[ºC] 
Average 
[ºC] 
No 27.05 56.79 16.11 0.05 83.83 23.24±1.54 Flat 
Yes 35.22 52.75 12.02 0.01 87.97 22.96±1.52 
No 9.25 82.06 8.67 0.02 91.32 23.01±1.20 
Tunnel (T) 
Gable 
Yes 14.76 75.73 9.50 0.02 90.48 22.94±1.30 
No 0.00 85.75 14.06 0.19 84.23 23.85±1.17 Flat 
Yes 3.32 77.89 18.75 0.04 81.27 23.71±1.51 
No 0.53 83.85 15.57 0.05 84.38 23.6±1.49 
Semi-tunnel (ST) 
Gable 
Yes 11.56 74.63 13.65 0.17 86.18 23.44±1.48 
No 0.00 90.36 9.59 0.05 90.36 23.64±0.98 Flat 
Yes 1.48 83.48 14.60 0.44 84.96 23.61±1.39 
No 2.09 85.59 12.23 0.08 87.69 23.51±0.9 
Improved Semi-
tunnel (IST) 
Gable 
Yes 11.78 76.33 11.79 0.09 88.11 23.35±1.35 
 
In the winter period outside temperatures was set to 5ºC in the three configurations. The use of gable roof 
increased slightly air velocity at animal level (Table 8) and compared to flat roof it showed on average 
higher air velocity (S/O Tgw, 0.31±0.07 m/s). Air velocity was lowest for S/O ISTfw (0.24±0.05 m/s). ST 
and IST configuration increased comfort area in terms of temperature using flat roof, but this was lowest 
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with gable roof (velocities of 0.1-0.3 m/s), IST presented the lowest area of velocities within the range 
0.3-0.5 m/s. 
The S/O tunnel gable roof model showed the lowest average temperature (17.83±3.25ºC), whereas ST 
gable roof S/O had the highest (19.35±2.67ºC) (Table 9). We also observed that the area with 
temperature lower than 18ºC and in the range 18-25ºC was lowest in tunnel configuration (T), and higher 
in ST and IST. In cold season Seo [10] observed in a conventional model a temperature of 21.5ºC at 0.20 
m height. Also, Mostafa [12] found for a standard design an average temperature in the broiler zone of 
23.9ºC. As expected, the lowest temperature was located close to the inlet slots and the highest 
temperature was located close to the exhaust fans by dragging sensible heat loss. 
In our analysis, the tunnel gable roof S/O configuration showed on average lower proportion of area with 
ITV in the comfort interval (18-25ºC) and ITV was on average 19.14±3.57ºC. We also observed that 
tunnel with gable roof had more area with ITV lower than 18ºC and ITV in the range 25-30. The S/O ST 
gable roof configuration had highest average ITV (20.81±2.86ºC) and area of ITV in the comfort interval 
(93.04%), as show Table 10. 
 
Table 8. Average ± standard deviation velocity (m/s), comfort area (%) at 0.20m of floor in cold of 
Tunnel (T), Semi tunnel (ST) and Improved Semi-tunnel (IST) configuration. 
 
Proportion of area attending to velocity [%] Configuration Roof 
type 
Flap 
plate <0.1 [m/s] 0.1-0.3 [m/s] 0.3-0.5 [m/s] >0.5 [m/s] 
Average 
[m/s] 
No 0.61 59.19 40.20 0.00 0.27±0.09Flat 
Yes 1.09 69.90 29.01 0.00 0.25±0.09
No 0.86 39.36 59.77 0.01 0.31±0.07
Tunnel (T) 
Gable 
Yes 1.46 53.14 45.40 0.00 0.28±0.08
No 1.54 70.05 28.40 0.00 0.26±0.07Flat 
Yes 1.65 70.68 27.66 0.00 0.26±0.08
No 0.36 50.98 48.58 0.08 0.29±0.06
Semi-tunnel 
(ST) 
Gable 
Yes 0.72 52.96 46.30 0.02 0.28±0.06
No 0.99 86.85 12.15 0.01 0.24±0.05Flat 
Yes 2.45 81.25 16.30 0.00 0.24±0.06
No 0.21 72.23 27.27 0.28 0.27±0.05
Improved 
Semi-tunnel 
(IST) Gable 
Yes 1.04 77.85 21.11 0.00 0.26±0.06
 
Table 9. Average ± standard deviation temperature (ºC), comfort area (%) at 0.20m of floor in cold of 
Tunnel (T), Semi tunnel (ST) and Improved Semi-tunnel (IST) configuration. 
 
Proportion of area attending to temperature [%] Configuration Roof 
type 
Flap 
plate <18 
[ºC] 
18-20 
[ºC] 
20-22 
[ºC] 
22-25 
[ºC] 
>25 
[ºC] 
18-25 
[ºC] 
Average 
[ºC] 
No 56.47 16.60 10.82 15.03 1.08 42.45 18.05±3.25 Flat 
Yes 56.94 16.51 10.56 15.00 0.99 42.07 18.27±2.97 
No 60.15 13.59 10.76 14.83 0.68 39.18 17.83±3.25 
Tunnel (T) 
Gable 
Yes 61.09 13.20 10.43 14.63 0.65 61.74 17.99±3.03 
No 42.10 23.57 17.91 14.91 1.52 56.39 18.85±2.91 Flat 
Yes 43.05 23.57 17.37 14.39 1.62 55.33 18.84±2.86 
No 32.76 26.22 21.94 18.46 0.61 66.63 19.35±2.67 
Semi-tunnel 
(ST) 
Gable 
Yes 36.22 24.42 20.46 18.11 0.78 63.0 19.25±2.68 
No 46.58 18.89 14.11 17.27 3.16 50.26 18.57±3.58 Flat 
Yes 47.35 22.07 13.85 14.97 1.77 50.88 18.45±3.24 
No 35.98 25.43 19.67 18.15 0.77 63.25 19.16±2.81 
Improved 
Semi-tunnel 
(IST) Gable 
Yes 37.00 26.08 18.91 17.34 0.67 62.33 19.10±2.74 
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Table 10. Average ± standard deviation ITV (ºC), comfort area (%) at 0.20m of floor in cold of Tunnel 
Tunnel (T), Semi tunnel (ST) and Improved Semi-tunnel (IST) configuration. 
 
Proportion of area attending to ITV [%] Configuration Roof 
type 
Flap 
plate <18 
[ºC] 
18-22 
[ºC] 
22-25 
[ºC] 
25-30 
[ºC] 
>30 
[ºC] 
18-25 
[ºC] 
Average 
[ºC] 
No 41.84 31.31 14.61 12.14 0.10 87.77 19.55±3.80 Flat 
Yes 39.42 33.99 14.49 12.00 0.09 87.91 19.88±3.42 
No 45.52 31.31 14.27 8.84 0.05 91.11 19.14±3.57 
Tunnel (T) 
Gable 
Yes 45.64 31.00 13.70 9.58 0.07 90.35 19.40±3.32 
No 26.44 41.06 22.60 9.68 0.22 90.10 20.43±3.31 Flat 
Yes 25.78 43.03 20.48 10.41 0.30 89.30 20.44±3.25 
No 19.50 45.68 27.85 6.96 0.00 93.04 20.81±2.86 
Semi-tunnel 
(ST) 
Gable 
Yes 20.93 44.83 26.69 7.54 0.00 92.46 20.76±2.86 
No 31.86 34.25 21.04 12.36 0.49 87.15 20.21±3.97 Flat 
Yes 31.04 38.95 19.79 9.93 0.29 89.78 20.10±3.55 
No 20.79 45.05 26.12 8.04 0.00 91.96 20.68±3.03 
Improved 
Semi-tunnel 
(IST) Gable 
Yes 20.05 47.10 25.32 7.53 0.00 92.47 20.66±2.88 
 
3.2 Analysis with inlet flaps  
The main function of ventilation is to allow the exchange of air with the outside, which contributes to 
control indoor temperature, moisture and the concentration of pollutant gases. Air inlets are essential in 
defining the direction of the incoming airflow, and in maintaining the thermal condition into the animal 
occupied zone by providing sufficient inlet air velocity. Changing the size of the slot opening or the type 
of inlet affected the direction and magnitude of inlet air velocity both in winter and summer simulations 
[8]. The flap plates affected the direction of the incoming air as shown Figure 3. When windows have no 
flaps the velocity is accelerated and directed downward immediately after passing through the opening. 
As predicted by Karava and Stathopoulos [28], the air flow trajectory lowered when windows are close 
to fans as a consequence of the higher depression. These variations depended the geometry of the 
openings, while the pressure coefficients depend on the overall geometry of the building, the location of 
the windows in the building itself, and the wind incidence on the building [29]. 
 
 
Figure 3. Air velocity distribution in the IST configuration using flap plate, at two vertical planes located 
at the furthest window (left) and closest window (right) to the fans. 
 
During the summer period, the IST S/O configuration using flat roof showed the highest proportion of 
area at comfort regarding air velocity (0.5 – 2 m/s). In this case, no flap plates were considered and air 
entered directly without obstacle. This effect was less evident when using gable roof. The effect of 
considering flap plates in T, ST and IST configuration was a decrease of the proportion of the area at 
temperatures between 23 and 24ºC. ISTgs configuration showed the highest proportion of area at confort 
regarding temperature (18-25ºC). Similarly, the addition of flaps increased the area of ITV<22ºC in all 
configurations.  
In the winter period, the flap plate in the inlet windows increased the air velocity of the incoming air. 
According to Rufes [30] when the inlet is located higher in the wall, the flap plate with different 
deflection angle directed the incoming air stream across the ceiling, regardless of the outlet. This will 
govern the direction of the indoor air stream and this will be independent of the outlet opening position. 
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In Figure 4 it is shown that the use of flap plates in winter conditions regulate air flow rate in vertical 
projection on walls and roof producing a phenomenon adhesion of air on the surface due to the existence 
lower pressures in the space comprised between surface and air flow [31]. Therefore, the increasing 
velocity gradient at the walls was completely attributable to the augmentation of the airflow rate [32]. 
In all configurations (T, ST and IST) the flap increased the area of air velocity within the range 0.1-0.3 
m/s and decreased area with velocities of 0.3-0.5 m/s. However, the effect of flap plates in the IST flat 
roof model decreased the proportion of area with velocities from 0.1 to 0.3 m/s and increased it when 
using gable roof. We also observed that the flap plate at the inlet windows increased the area of 
temperature <18ºC and decreased with temperature 18-25ºC for T and ST configurations. In contrast, IST 
configuration increased the area of temperatures between 18 and 20ºC, and decreased the area between 
20 and 25ºC.  
 
 
 
Figure 4. Effect of flap angle (89º, left and 0º, right) on air velocity. 
 
3.2.1 Effect slot opening angle   
The IST configuration registered a slight variation in the average in air velocity at animal level (0.26 
m/s) when considering different angles from 0º to 89º at 0.20m of floor (Table 11). The velocity was 
highest at the inlet and decreased gradually when the stream entered the building next to the roof. The 
center of the stream continued moving at a similar velocity to the entrance, while the outer edges of the 
stream are slowed down by friction and turbulent mixing with the surrounding air. The flap plate angle of 
73.9º registered the highest area of velocities between 0.1-0.3 m/s at animal level, whereas the angle 40º 
increased the area with air velocities between velocities 0.3-05 m/s. There were small differences in 
pressure distribution. The warm air has less density and ascended, which facilitated the cold air inlet by 
to drop due to the higher density and mix with the rest of the air [33]. Therefore, air close to the ceiling 
mixes with the fresh incoming air before it reaches to the broiler zone. However, the differential 
pressures did not seem to affect air velocity at 0.2m above floor level of the broiler house [34]. 
 
Table 11. Average ± standard deviation of air velocity (m/s), and distribution of area regarding different 
velocity intervals (%) at 0.20m of floor in winter for IST configuration for different window opening 
angles. 
 
Comfort area velocity [%] Flap plate 
angle <0.1 [m/s] 0.1-0.3 [m/s] 0.3-0.5 [m/s] >0.5 [m/s] 
Average 
[m/s] 
89º 1.10 72.79 26.11 0.00 0.261±0.07 
85.4º 1.10 76.17 22.73 0.00 0.262±0.06 
82º 1.04 77.85 21.11 0.00 0.260±0.06 
73.9º 0.63 81.06 18.31 0.00 0.259±0.05 
55.2º 0.18 74.78 25.05 0.00 0.260±0.05 
0º 1.19 69.26 28.76 0.79 0.270±0.08 
 
Logically, the largest air velocity happened when small inlets and large outlets were simultaneously 
considered. The total force is acting on a small area and forcing air through the opening at a high 
pressure. This effect was lower when flaps were open (Figure 4). If the inlet opening is large, air velocity 
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will be lower as a consequence of the higher section, but the airflow rate increases in any case. Also, 
Kwon [8] observed that changing the opening angle affected the distance travelled by the incoming cold 
air before mixing with the rest of the air. This indicated that the initial angle of the window flaps could 
influence the mixing behavior of cold and warm air, and therefore affecting the resulting inside air 
temperature at animal level. 
Regarding the conditions potentially experimented by the animals, reducing the opening (89º) involved 
the highest average temperature at animal level (on average 20.28±2.5ºC, see Table 12). This also 
involved a more homogeneous distribution of temperature and ITV (Table 13). On the contrary, opening 
the window flaps (0º) increased the area with temperature lower than 18ºC, which is related to increased 
losses of sensible heat in winter conditions. The average temperatures obtained in this study are similar 
to those reported by Song [35], who found 19.7±1.21ºC in a tunnel configuration using flaps and 
described similar behavior of inlet air flow depending on window characteristics. 
 
Table 12. Average ± standard deviation of temperature (ºC), and distribution of area regarding different 
velocity intervals (%) at 0.20m of floor in winter for IST configuration for different window opening 
angles. 
 
Comfort area temperatura [%] Flap plate 
angle <18 [ºC] 18-20 [ºC] 20-22 [ºC] 22-25 [ºC] >25 [ºC] 18-25 [ºC] 
Average 
[ºC] 
89º 25.76 25.32 24.44 23.06 1.41 72.82 20.28±2.5 
85.4º 38.44 23.84 18.80 18.24 0.67 60.89 19.0±2.93 
82º 37.00 26.08 18.91 17.34 0.67 62.33 19.1±2.74 
73.9º 36.14 25.54 19.15 18.50 0.67 63.19 19.16±2.82
55.2º 34.92 25.24 20.23 18.74 0.87 64.21 19.26±2.81
0º 40.46 30.49 20.41 8.62 0.03 59.66 18.7±2.26 
 
Table 13. Average ± standard deviation of ITV (ºC), and distribution of area regarding different velocity 
intervals (%) at 0.20m of floor in winter for IST configuration for different window opening angles. 
 
Comfort area ITV [%] Flap plate 
angle <18 [ºC] 18-22 [ºC] 22-25 [ºC] 25-30 [ºC] >30 [ºC] 18-25 [ºC] 
Average 
[ºC] 
89º 10.18 42.64 34.98 12.20 0.00 87.80 21.74±2.74
85.4º 22.56 43.51 25.42 8.51 0.00 91.49 20.56±3.11
82º 20.05 47.10 25.32 7.53 0.00 92.47 20.66±2.88
73.9º 19.57 45.72 26.14 8.57 0.00 91.43 20.74±3.01
55.2º 18.84 44.65 28.16 8.34 0.00 91.66 20.84±2.99
0º 20.03 54.70 22.80 2.46 0.00 97.63 20.22±2.42
 
4. Conclusions 
The CFD results demonstrate the performance of different distribution of elements for summer and 
winter conditions. The relative position of windows and fans, the roof shape, and inlet window properties 
were studied. All these parameters affected the distribution and homogeneity of ambient parameters 
(temperature, air velocity and ITV). In general terms, the IST configuration provided better results for 
summer conditions due to a better distribution of air velocity. Roof type (flat or gable roof) also affected 
wind distribution and using flat roof tended to increase wind velocity. Finally, reducing window opening 
increased the homogeneity of ambient parameters at animal level, which is considered to be of particular 
interest under winter conditions. Increasing window opening also increased the average air velocity at 
animal level and decreased the ambient temperature, which is undesirable under winter conditions. 
Further validation of the different models and comparisons with CFD is the next step. Nevertheless, this 
tool can be used to simulate and optimize different ventilation systems. 
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